The studies employed the cholesterol-fed rabbit model of Alzheimer's disease (AD) to investigate the relationship between AD-like neurofibrillary tangle (NFT) neuropathology and tau protein levels as the main component of NFT. We measured brain and plasma tau levels and semiquantified NFT-like neuropathology in cholesterol-fed rabbits administered drinking water of varying quality (distilled, tap, and distilled+copper) compared to animals receiving normal chow and local tap water. Total tau levels in plasma were increased in all cholesterol-fed rabbits compared to animals on normal chow, regardless of quality of water. In contrast, increased tau in brain and increased AT8 immunoreactive NFT-like lesions were greatest in cholesterol-fed rabbits administered distilled water. A substantial decrease in brain tau and incidence and density of AT8 immunoreactive NFT-like lesions occurred in cholesterol-fed rabbits administered copper water, and an even greater decrease was observed in cholesterol-fed animals on local tap water. These studies suggest the possibility that circulating tau could be the source of the tau accumulating in the brain.
Introduction
One of the neuropathologic features invariably found in the brains of individuals with Alzheimer's disease (AD) is the amyloid-beta (Aβ) containing senile plaque (SP). Blood samples have been assessed for changes in Aβ levels-driven by the abundant data that Aβ in the brain was the prime candidate for precipitating AD. We showed as did others that circulating levels of the shorter form of Aβ (Aβ40) increased with decreasing cognitive performance within a control population. Levels of Aβ40 were increased even further in mild cognitive impairment (MCI) compared to controls, and circulating levels of Aβ40 are decreased in AD compared to MCI [1] . We suggested that gradually increased production of Aβ occurred with effective clearance from the brain when individuals change from control to MCI and that reduced clearance was evidenced as lower circulating Aβ levels with concurrently increased central accumulation in the transition from MCI to AD [1] . This is consistent with findings in the cholesterol-fed rabbit model of human coronary artery disease where we identified numerous neuropathologic features of AD including central accumulation of Aβ. Early studies were performed in animals administered a diet containing 2% cholesterol and tap water for only 8 weeks compared to animals administered normal rabbit chow and tap water for a similar length of time [2] . Further studies suggested that the induction of AD-like Aβ neuropathology by dietary cholesterol depended on the quality of water the rabbit was drinking. Animals fed 2% cholesterol and drinking distilled water showed minimal AD-like neuropathology, whereas animals drinking tap water were severely affected [3] . Subsequent studies indicated that it was the copper in the tap water that produced the difference in severity of the cholesterol-produced AD-like Aβ pathology [4] . It was clear that cholesterol caused the overproduction of Aβ in the brain and copper influenced its clearance to the blood via inhibition of LRP at the vascular interface [5, 6] .
Copper has been implicated in the progression and possibly the cause of AD. Morris et al. have shown that increased copper intake significantly increases the rate of progression of AD in the setting of elevated fat intake [7] . A role for altered copper metabolism as a cause of neurodegenerative disorders other than AD is clearly recognized [8] , and a role for copper in AD is emerging. Ceruloplasmin transports 85-95% of the copper in human blood [8] . Both copper and ceruloplasmin levels have been shown to be elevated in the blood of patients with AD compared to controls by most [9] [10] [11] [12] [13] , but not all, investigators [14] . Squitti et al. have reported a significant increase in circulating copper in AD and a trend for increased ceruloplasmin [15] . These authors also reported a significant negative correlation in AD between increased copper/ceruloplasmin and decreased scores on the MMSE, AVLT-A7, and the clock draw [15, 16] . Similar to Squitti's data, we have shown that there are significant increases in blood copper/ceruloplasmin in AD compared to age-matched controls [1] . Moreover, circulating copper/ceruloplasmin levels increased in controls with lower performance on the AVLT-A7 and MMSE and remained elevated in MCI and AD as cognitive ability progressively deteriorated [1] .
Although found in many other tissues of the body [17] , tau protein in brain is the precursor for the other important neuropathologic feature of AD, the neurofibrillary tangle (NFT). Specifically phosphorylated-tau (p-tau) is a main component of the NFT [18] . Single strands of p-tau become paired into filaments called paired helical filaments (PHF), which then assemble into fibrillary complexes within a neuron eventually becoming an NFT. It has been reported that there are increased tau and 181-p-tau levels in MCI subjects converting to AD and that levels are stable in controls and MCI subjects not converting to AD [19] . Although there are reports that the protein tau may have a copper binding site [20] [21] [22] , there is only one study investigating any relationship between the protein tau and copper in the blood and CSF in AD [16] , where a significant positive relationship (P < .03) between copper levels in the serum and tau levels in the CSF was identified in AD compared to controls. Nevertheless, there are no reports of changing cognitive performance (i.e., AD versus control) and a relationship between CSF copper and tau levels or copper and tau levels in the circulation.
We recently measured total tau in human plasma and have found significant differences between cognitively normal individuals, subjects with MCI, and patients with AD (unpublished observation). Tau levels (total human tau) were established in each plasma sample using ELISA, kits and standards purchased from Invitrogen Corp., Camarillo, CA. The mean circulating tau level (picograms/mL) is depressed in plasma of patients with AD when compared to both cognitively normal control and individuals with mild cognitive impairment (MCI) (P < .0001 and .0002, resp.). The mean tau levels were also significantly reduced in MCI compared to control (P = .048), and a significant age-related increase was identified (P = .042) in the control population (unpublished observation).
In our previous rabbit studies we administered 2% cholesterol and varying qualities of drinking water, and we were able to manipulate Aβ accumulation and memory but were unable to identify any changes in tau as the major component of the other characteristic lesion in AD-NFT. A recent publication indicated that administering lower levels of dietary cholesterol (1%) over longer periods of time (7 months) could produce NFT-like changes in the brain along with Aβ deposition in female rabbits [23] . An even more recent publication found similar features and behavioral dysfunction in a hypercholesterolemic rat model [24] . Using the same methods employed in the current study, the authors note increased Aβ, tau, and p-tau in the cortex of cholesterolfed rats [24] .
Antibodies have been developed to detect different stages of the NFT formation, including PHF-1 antibody identifying PHF and AT8 antibody highlighting p-tau [18] . Seven months of 1% cholesterol diet caused increased PHF-1 immunoreactivity in hippocampus of female rabbits [23] as well as plaque-like Aβ deposition in the hippocampus and cortical brain regions [25] . We performed a pilot study of female rabbits fed 1% cholesterol and drinking distilled water, copper containing distilled water, or local tap water compared to animals administered normal chow and tap water. In this preliminary study we focus on changes in tau by measuring total tau levels by ELISA and evaluating the brain for the presence of p-tau by performing AT8 immunohistochemistry.
Methods
Twenty female New Zealand White (NZW) rabbits approximately 2.5 kilograms body weight were obtained, acclimated to the vivarium for 8-10 days, and assigned to one of four groups. Fifteen of them were fed 1% Cholesterol Diet purchased from Purina TestDiet, the remaining five were fed normal high-fiber chow from Purina LabDiet. The control animals along with five of the cholesterol fed animals were allowed distilled water to drink. Five of the remaining rabbits received local tap water. and the other five were administered distilled water with copper ion added (0.12 PPM copper ion as sulfate). US Filter's analysis of the local Sun City tap water used can be seen in a previous publication [5] . Late in the study, 2 of 5 animals fed the 1% cholesterol chow developed fatty liver disease and/or severe atherosclerosis. These animals were anesthetized and perfused with normal saline as soon as symptoms of either disease appeared. Counter-part animals in the other three groups were sacrificed and similarly processed for tissue collection. Samples collected from these animals have not yet been investigated.
Blood samples were collected prior to initiating administration of the experimental diet and water (baseline). At the end of 21 weeks (5 months) animals were sacrificed after each rabbit was deeply anesthetized with Ketamine (50-75 mg/kg) and Xylazine (5 mg/kg) given intramuscularly in the upper thigh. Additional Ketamine was given at 20% of the original dose, if it was determined that the animal was not deep enough. Once the rabbit was anesthetized, the chest and cranium were shaved, and the animal was placed on an embalming board. An incision was made over the sternum and ribs are reflected to expose the heart. A 23-gauge vacutainer needle was introduced into the left ventricle, and 10 cc of blood is collected in purple top tubes. The needle was removed and replaced with a 23-gauge 1.5 inch catheter attached to an IV line. The catheter is advanced into the left atrium and secured into place using a vascular clamp. The right atrium is then cut to facilitate drainage using a pair of Mayo scissors. The rabbit was then perfused with a minimum of 120 milliliters of sterile saline using a syringe pump set to deliver 600 cc per hour. Once the animal was perfused, various organs were collected, including the brain, heart, liver, spleen, and kidneys; half of the brain was dissected fresh (frontal pole, whole hippocampus), frozen on dry ice and then stored at −70
• C, and the other organs and half-brain were emersion-fixed in 4% paraformaldehyde.
Tissue Preparation for ELISA Assays.
Brain samples were homogenized thoroughly in a cold solution (1 : 8; w : v) of 5 M guanidine HCl and 50 mM Tris HCl, pH 8.0 using a Dounce homogenizer. This solution was transferred to an Eppendorf tube and mixed at room temperature for 3-4 hours. This sample was diluted 1 : 50 with a Dulbecco's phosphate buffered saline with 5% BSA and 0.03% Tween-20, pH 7.4 supplemented with protease inhibitor cocktail (Sigma P8340 or Calbiochem no. 539131) at 1 mM. This diluted sample was centrifuged at 16,000 g for 20 minutes at 4
• C prior to use. A fifty μL aliquot of each sample was assessed in the Tau ELISA assay.
Frozen plasma samples were slowly thawed, and a 20 μL aliquot was diluted 1 : 10 with undiluted "standard dilution buffer" provided with each Tau ELISA kit. A fifty μL aliquot of this solution was added to the appropriate well in the following assay.
2.2.
Tau ELISA Assay. Samples were assayed using the ELISA kit from Invitrogen (#KHB0042). All reagents used were supplied in the kit including the "standards dilution buffer". Wash buffer was prepared by diluting the supplied concentrate 1 : 25 with purified water. Standards were prepared by diluting the supplied standard with "standard dilution buffer" as specified on labeling to 2000 pg/mL. Serial dilutions were made into standard dilution buffer to 1000, 500, 250, 125, 62.50, and 31.25 pg/mL. 100 μL of standards were added to wells in duplicate. 50 μL of standard dilution buffer was added to the rest of the wells. 50 μL of sample (fresh frozen brain or plasma collected in a purple top vacutainer) was added to ELISA wells in duplicate. The ELISA plate was covered and incubated for 2 hours at room temperature on a rotary shaker (1200 rpm) and thereafter washed 4 times. A 100 μL aliquot of anti-tau detection antibody was added to each well, and the plate was incubated as above for 1 hour and thereafter washed 4 times. Antirabbit HRP concentrate was diluted 100x into HRP diluent and added to wells at 100 μL/well, and the plate is incubated for 30 minutes. After emptying the plate 100 μL of stabilized chromogen was added to each well, and the uncovered plate was incubated at room temperature in the dark for 20-30 minutes on the rotary shaker. The reaction was completed by addition of 100 μL of provided "stop" solution, and the plate was then read at 450 nm in a Bio-Tex ELx800 plate reader. Reader software calculated standard curve, concentration, SD, and CV% (4 parameter algorithm).
AT8 and Aβ
Immunohistochemistry. Blocks of paraformaldehyde fixed tissue were affixed to a metal block with superglue, and 50 μm vibratome sections were collected and stored in 4% paraformaldehyde until use. On the first day, 50 μm thick vibratome tissue sections were washed twice in 0.01 M Tris Buffered Saline (TBS) pH 7.6 for 10 minutes. All steps were carried out on orbital shaker rotating at about 500 rpm. Sections were then transferred to a solution of 3% H 2 O 2 in 0.01 M TBS and incubated at room temperature for 30 min. Sections were then washed twice for 10 minutes in 0.01 M TBS + 0.1% triton X-100 pH7.6. Sections were transferred to 88% formic acid for 2-3 min and washed twice for 10 minutes in 0.01 M TBS + 0.1% Triton X-100 pH 7.6 and then transferred to antigen retrieval solution (GeneTex, #GTX28194) for 12-15 minutes. Sections were washed again and then incubated in 3% horse serum in 0.01 M TBS + 0.1% Triton X-100 pH 7.6 for 1 hour. Sections were then washed twice for 10 minutes in 0.01 M TBS + 0.1% triton X-100 pH 7.6 and transferred to 1
• antibody (1 : 500 dilution of antihuman PHF-Tau AT8 monoclonal antibodyPierce Biotechnology or 1 : 100 dilution of 10D5 antibody to Aβ-Elan pharmaceuticals) in 0.01 M TBS + 0.1% triton X-100 pH 7.6) overnight at 4
• C. On the following day the sections were washed once in 0.01 M TBS + 0.1% Triton X-100 pH 7.6 and transferred to 2
• antibody (Vectastain ABC kit PK-6102 mouse IgG, 1 drop/10 mL 0.01 M TBS + 0.1% Triton X-100 + 1% horse serum) for 1 hour. Then the sections were washed once in 0.01 M TBS + 0.1% Triton X-100 pH 7.6 and transferred to A/B solution (Vectastain kit, 4 drops A +4 drops B/10 mL 0.01 M TBS + 0.1% Triton X-100), washed twice for 10 minutes in 0.05 M Tris pH 7.9 and then developed in a diaminobenzidine solution in dark (15 mg DAB + 20 μL 30% H 2 O 2 in 100 mL 0.05 M Tris) for 6-10 minutes. The reaction was stopped by transferring the sections back into 0.05 M Tris pH 7.9. Sections were then mounted, serially dehydrated, and coverslipped.
Statistics.
Mean tau levels ± SD are present. The groups were compared for differences by ANOVA followed by independent t-test. Although mean differences were substantial, the limited number of animals assessed in this preliminary study precluded significance greater than trends (.05 < P < .10).
Results
We performed a pilot study of long-term dietary cholesterol in four groups of rabbits. One group was administered normal chow and tap water, and three groups were administered 1% cholesterol for five months. The cholesterolfed groups were administered either distilled water, distilled water supplemented with 0.12 PPM copper ion, or local tap water (routinely containing 0.20 PPM copper ion as well as other trace elements and compounds). Employing methods Table 1 : Tau levels in plasma, whole hippocampus, and frontal cortex, and incidence and density of NFT-like AT8 immunoreactive neurons in the frontal and temporal cortices in rabbits grouped according to diet and water quality. The four groups of rabbits were female rabbits fed (1) normal rabbit chow and provided local tap water to drink (Normal chow-tap), (2) 1% cholesterol diet and distilled drinking water (1% Cholesterol-DW), (3) 1% cholesterol diet and copper supplemented distilled drinking water (1% Cholesterol-DW/Cu), or (4) 1% cholesterol diet and local tap water (1% Cholesterol-tap) for 5 months.
Group
Normal to measure total tau in human plasma, we measured total tau levels in plasma, hippocampus, and frontal cortex in each animal sacrificed after 5 months of dietary manipulation. We also assessed the hippocampus and frontal and temporal cortex for AT8 staining of p-tau and the frontal and temporal cortex for Aβ accumulation (Figure 1 , A4-D4). Plasma samples were taken from each animal at baseline and at sacrifice 21 weeks after initiating experimental diet and controlled diet and water. It is important to note that even though previous studies administered a 1% cholesterol diet and purified water for 7 months [23, 25] , we decided to leave open the possibility of identifying enhanced tau pathology in animals on copper containing distilled water and/or tap water and administered experimental diet and drinking water for only 5 months. We initially had five animals in each of the four groups, but an animal on 1% cholesterol and tap water became ill after 4 months of diet and was sacrificed along with one animal in each of the other groups. After 4.5 months of diet another 1% cholesterol and tap water animal became ill as well as an animal on 1% cholesterol and copper supplemented distilled water-these two animals and a counterpart animal in the other 2 groups were sacrificed. Accordingly there were only 3 animals in each group that completed the 5-month pilot study.
Plasma levels of tau were increased by 40-50% in each of the cholesterol-fed animal groups after 5 months of experimental diet compared to animals on normal rabbit chow and tap water (Table 1) . Tau levels in fresh hippocampus were 5-fold higher in animals administered 1% cholesterol and distilled water compared to animals on normal rabbit chow and tap water; levels of tau were 3-fold higher in animals on 1% cholesterol and copper supplemented distilled water and less than 2-fold in animals on 1% cholesterol and tap water (Table 1) . A similar graded effect on AT8 staining of ptau was glaringly apparent in sections of fixed hippocampus (Figure 1 ). In the fascia dentata of the hippocampus AT8 staining is increased dramatically in animals on cholesterol and distilled water (Figure 1, B1) , is less pronounced in the animals on cholesterol and copper (Figure 1, C1) , and is further reduced in animals on cholesterol and tap water (Figure 1, D1) , all compared to animals on normal chow and tap water (Figure 1, A1 ). This is equally apparent when viewing the whole hippocampus at low power (Figure 1, 4X ; A2-D2). These data support the concept that increasing tau levels are directly related to the severity and intensity of AT8-stained features in the hippocampus. And on the flip side, the data support the premise that our measured levels of tau in plasma and brain tissue are valid and accurate. Further support of this comes from finding similar graded effects when assessing frontal cortex. In the frontal cortex we found a 6-fold increase of tau in animals on 1% cholesterol diet and distilled water compared to animals fed normal rabbit chow. In contrast we found a less than 2-fold increase in tau levels in the frontal cortex of cholesterol-fed animals on copper-supplemented distilled water and tap water (Table 1) . Identical to the hippocampus, the number and severity of NFT-like lesions deposits identified in the frontal cortex by AT8 staining correlated to the levels of tau measured (data not shown). AT8 immunoreactive neurons were not observed in the frontal cortex of any animal on normal rabbit chow and tap water. In all of the cholesterol-fed rabbits Becomes administered distilled water to drink, there were abundant AT8 stained NFT-like lesions in frontal cortex ( Table 1 ). The frontal cortex in two of three cholesterolfed rabbits drinking copper supplemented distilled water exhibited a few AT8 stained cells showing fine processes and considerable arborization (less NFT-like; Table 1 ). Only one animal fed cholesterol diet and drinking tap water showed a single faintly stained AT8 immunoreactive neuron in the frontal cortex. In the superior temporal cortex no AT8 immunoreactive neurons were observed in animals fed Water quality induced differences in immunohistochemical staining for phosphorylated tau (p-tau, AT8) and amyloid-beta (Aβ; 10D5) in the brains of cholesterol-fed rabbits compared to animals fed normal control diet. The four groups of rabbits were comprised of female rabbits fed normal rabbit chow and provided local tap water to drink (A1-A4), 1% cholesterol diet and distilled drinking water (B1-B4), 1% cholesterol diet and copper supplemented distilled drinking water (C1-C4), or 1% cholesterol diet and local tap water (D1-D4) for 5 months. Representative p-tau AT8 staining in fascia dentate (A1-D1, 10X), hippocampus (A2-D2, 4X), and superior temporal cortex (A3-D3, 10X-insets 40X), and Aβ10D5 staining in superior temporal cortex (A4-D4, 10X) are shown.
normal chow and drinking tap water (Table 1 ; Figure 1 , A3), but 3 of 3 animals fed 1% cholesterol diet and distilled water demonstrated abundant AT8 immunoreactive features which occurred in patches of 2-3 NFT-like lesions (Table 1 ; Figure 1 , B3). All three of the cholesterol-fed animals drinking distilled water supplemented with copper showed numerous isolated AT8 stained NFT-like lesions in the superior temporal cortex (Table 1 ; Figure 1 , C3). Two of three animals fed cholesterol drinking tap water showed very few isolated cells stained with AT8 antibody (Table 1 , Figure 1 , D3). Adjacent sections of hippocampus, and frontal and temporal cortex were stained for the presence of Aβ using 10D5 antibody employing the detailed methods. As expected, we found that administration of copper containing distilled water or tap water to drink increased the accumulation of Aβ in hippocampus (not shown) and frontal cortex (not shown) and superior temporal cortex (Figure 1, A4-D4 ) of animals fed 1% cholesterol diet compared to animals drinking unaltered distilled water, as found previously in rabbit fed 2% cholesterol diet. Similar to findings in animals fed 2% cholesterol diet, we observed a graded effect on Aβ accumulation in animals fed 1% cholesterol diet, with the greatest Aβ accumulation occurring in animals administered tap water (Figure 1, D4) , somewhat less accumulation in animals administered copper supplemented distilled water to drink (Figure 1, C4) , while there is minimal Aβ staining in the superior temporal cortex of animals drinking distilled water (Figure 1, B4) , all compared to animals administered normal chow and drinking tap water (Figure 1, A4) . Overall, there seemed to be an inverse relationship between neuronal accumulation of Aβ and increased levels of tau and associated AT8 immunoreactive NFT-like lesions, based on varying water quality and region of brain. This disconnect suggests that accumulation of Aβ may not cause increased levels of tau, and that once sufficient elevations tau occur in the brain, this in turn leads to deposition of p-tau containing NFT-like lesions.
Discussion
This is the first study of the effect of intake of copper or trace metals on levels of the protein tau in the blood and brain. We have shown that there is increased tau neuropathology associated with production of increased tau levels in the blood and brain of the cholesterol fed rabbit. This could be similar to induction of accelerated aging as these findings are consistent with our unpublished observation of age-related increases in plasma tau levels in cognitively normal humans coupled with reported increases in the occurrence and severity of NFT pathology with increasing age in the absence of dementia [26, 27] . The inverse relationship between tau and Aβ pathology depending on water quality is difficult to reconcile when attempting to apply conventional wisdom, where the accumulation of Aβ containing SP is thought to precede the occurrence of p-tau containing NFT in AD and that the processes leading to the formation of the lesions may be linked. What we may have uncovered is that these processes may actually not be linked at all. In this cholesterolfed rabbit model of Aβ and tau neuropathology, we show that increased accumulation of Aβ occurs concurrently with reduced levels of tau and the incidence of AT8 stained NFT-like lesions. It must be remembered that plaque-only and NFT-only variants of AD have been reported [28, 29] . Neuropathologic evaluation revealed that most clinically diagnosed AD patients had both plaques and tangles, although in the rare circumstance there were individuals who had only senile plaques or only NFT in their brains [28, 29] . Coming full circle there are those who would contend that these individuals were misdiagnosed and those demented patients with only plaques or tangles did not have AD at all (William R. Markesbery, personal communication). This debate continues.
An important feature of animal research is the opportunity to disclose possible mechanisms to explain observations in human studies. Much of disclosing a likely mechanism for altered levels of total tau in plasma in relation to tau concentration in the brain would depend on the origin of the peptide deposited in the brain. If, as all evidence suggests, Aβ accumulates in the brain with increasing change in the vasculature, which in turn leads to reduced clearance of the toxin to the blood [5, 6] and eventually the liver [30] , it is difficult to envision how such an alteration in the vascular blood brain barrier (BBB) leads to increased levels of tau and associated formation of NFT-like lesions in the brain-unless the tau accumulating in brain has its origin in the blood. Assuming that 1% cholesterol diet increases tau plasma levels by 40-50% in each cholesterol-fed animal groups, the question is how this similar increase in blood tau has differential effects on tau accumulation in the brain, in terms of tau levels and AT8 immunoreactive NFT-like lesions (5-6 fold increases in the "distilled water" group versus 2-3 fold increases in the "distilled water + copper" group, versus 40% in the "tap water" group)? In other words, the evidence presented would suggest that reduced BBB permeability induced by varying water quality attenuates brain uptake of tau from the blood at the same time it reduces the clearance of Aβ. Therefore, a normally functioning BBB in animals administered cholesterol and distilled water allows clearance of Aβ concomitant with central accumulation of tau due to a concomitant increase in the concentration of tau in the blood. By the addition of copper to the distilled drinking water there is a decrease in BBB permeability leading to either an increased accumulation of Aβ or a decrease in tau levels and associated AT8 immunoreactive features in the brain, while tau concentrations remain elevated to the same level in general circulation. By further reducing water quality by administration of tap water there is even greater compromise in BBB permeability and an even greater accumulation of Aβ and a greater reduction of tau levels and AT8 immunoreactive NFT-like lesions in the brain, again while circulating concentrations of tau remain elevated to the same level. Accordingly it can be proposed that tau deposited in the brain of the cholesterol-fed rabbit model of AD may have come from the circulation. However, it remains unclear how a neuron might take up extracellular tau protein for NFT formation.
Although provocative, one must keep in mind that these are preliminary data and as such require replication. Even so it may be all well and good to be able to induce the production of NFT-like lesions in the brains of cholesterolfed rabbits, but our eventual goal would be much more important-to find a method or medication to make them go away or not form in the first place.
